Inherited neurodegenerative disorders are debilitating diseases that occur across different species, such as the domestic dog (Canis lupus familiaris), and many are caused by mutations in the same genes as corresponding human conditions. In the present study, we report an inherited neurodegenerative condition, termed 'neuronal vacuolation and spinocerebellar degeneration' (NVSD) which affects neonatal or young dogs, mainly Rottweilers, which recently has been linked with the homozygosity for the RAB3GAP1:c.743delC allele. Mutations in human RAB3GAP1 cause Warburg micro syndrome (WARBM), a severe developmental disorder characterized predominantly by abnormalities of the nervous system including axonal peripheral neuropathy. RAB3GAP1 encodes the catalytic subunit of a GTPase activator protein and guanine exchange factor for Rab3 and Rab18 proteins, respectively. Rab proteins are involved in membrane trafficking in the endoplasmic reticulum, autophagy, axonal transport and synaptic transmission. The present study attempts to carry out a detailed histopathological examination of NVSD disease, extending from peripheral nerves to lower brain structures focusing on the neurotransmitter alterations noted in the cerebellum, the major structure affected. NVSD dogs presented with progressive cerebellar ataxia and some clinical manifestations that recapitulate the WARBM phenotype. Neuropathological examination revealed dystrophic axons, neurodegeneration and intracellular vacuolization in specific nuclei. In the cerebellum, severe vacuolation of cerebellar nuclei neurons, atrophy of Purkinje cells, and diminishing of GABAergic and glutamatergic fibres constitute the most striking lesions. The balance of evidence suggests that the neuropathological lesions are a reaction to the altered neurotransmission. The canine phenotype could serve as a model to delineate the disease-causing pathological mechanisms in RAB3GAP1 mutation.
Introduction
Several inherited disorders of men are characterized by progressive cerebellar degeneration, but attempts to correlate the observed clinical signs with the neuropathological lesions are complicated by problems associated with the analysis of human post-mortem material [49] . Moreover, in most disorders, the relationship between the appearance of a lesion and the underlying disease process is unclear [5] . Recently, a well-documented inherited disease of Rottweiler dogs named neuronal vacuolation spi-nocerebellar degeneration (NVSD) has been linked with the homozygosity for the RAB3GAP1:c.743delC allele [32] . Mutations in human RAB3GAP1 cause Warburg micro syndrome (WARBM), a severe developmental disorder characterized predominantly by abnormalities of the nervous system including axonal peripheral neuropathy. In WARBM and NVSD, the effect of gene mutation encoding RAB3GAP1 on the degeneration of specific anatomical pathways, has not yet been clarified.
WARBM is a rare autosomal recessive genetic disorder, caused by changes in one of at least four different genes, RAB3GAP1, RAB3GAP2, RAB18 and TBC1D20. In relation to RAB3GAP1, which is also mutated in NVSD, is a 130-kDa protein that forms, together with the 150 kDa RAB3GAP2, the heterodimeric RAB3GAP complex. This complex regulates the activity of members of the RAB3 family that are master regulators of vesicle trafficking and exocytosis of hormones and neurotransmitters [20, 39] . RAB family members cycle between a GDP-bound inactive and a GTP-bound active form. The GTP-bound active form of RAB3 family members is inactivated by GTP hydrolysis before, during, and after the fusion of the vesicle by the stimulation of RAB3GAP [14] . Rab3GAP not only functions as a GAP for the Rab3s but also functions as a guanine exchange factor (GEF) for Rab18. Specifically, Rab3GAP localizes to the endoplasmatic reticulum (ER) and some point mutations in RAB3GAP1 that cause WARBM in humans affect Rab18 GEF activity [16] . Supporting the view that Rab18 activity is important for the ER structure, direct loss of Rab18 function or loss of Rab18 activation at the ER by the absence of Rab3GAP activity can cause WARBM [19] .
WARBM and NVSD share considerable clinical similarities, although some differences do exist. NVSD affects puppies younger than 6 months, often as young as 6 to 8 weeks and sometimes littermates. It has been recognised mainly in Rottweiler dogs [13, 27, 41, 43, 52] and their cross [12] . Typical signs of the disease include progressive cerebellar ataxia, spastic tetraparesis, dysmetria, ocular motor disorders such as episodic nystagmus, microphthalmia and congenital cataracts, axonal peripheral neuropathy with laryngeal paralysis and rarely behavioural changes [27, 30] . Children with WARBM have severe developmental delays, ocular abnormalities including congenital cataracts and microphthalmia, and a predominantly axonal peripheral neuropathy and never develop the ability to walk [18, 20, 38] . Histopathological hallmarks in NVSD, which have been described so far, are the bilateral and symmetrical neuronal vacuolation involving brainstem and deep cerebellar nuclei (DCN), the Purkinje cell (PC) atrophy, the degeneration of the dorsolateral fasciculi in the spinal cord (SC) and the axonal neuropathy in peripheral nerves with spheroid formation and loss of thick myelinated fibres. There are no reports describing histopathology in WARBM, but MRIs of affected children have shown predominantly cerebellar atrophy [20, 33] .
The present study investigates the four key features mentioned below, proposed by Armstrong [4] as the 'primary determinants' of a neurodegenerative disease, to provide a descriptive framework of NVSD. These features are the anatomical pathways affected by the disease, the target cell populations, the molecular pathology and the morphological degeneration, which are used to reveal the similarities and differences between NVSD and WARBM. The main focus of this study was the identification of neurotransmitter disturbances noted in the cerebellum of NVSDaffected animals, to clarify the underlying mechanisms involved. Herein we provide a comprehensive histological picture of NVSD and we suggest that the specific neuropathology is a reaction to degenerative processes due to altered neurotransmission caused by the RAB3GAP1 mutation.
Material and methods Phenotypes
Animal experimentation received the approval of the Veterinary Directorate of Thessaloniki and was conducted under compliance with the National Institutes of Health guidelines, Greek Government guidelines and the local ethics committee. The first dog was a 3-month-old female Rottweiler, which was initially admitted with acute inspiratory dyspnoea and stridor, both of which resolved after treating the animal in the intensive care unit. Neurological examination revealed ataxia, spastic tetraparesis, hypermetria and proprioceptive deficits, hyperreflexia and hypertonicity that were more pronounced in the hind limbs.
One month later, its littermate (second dog), a fourmonth-old male was also admitted with ataxia and weakness as the main complaints, as well as abnormal swallowing and failure to bark. Mild inspiratory stridor, ataxia, spastic tetraparesis, hypermetria, positional strabismus and nystagmus were detected in neuro-logical examination. A unilateral laryngeal paresis was diagnosed with laryngoscopy. Motor signs worsened progressively over the next two months in both puppies, finally leading to severe tetraparesis. Due to the severely incapacitating signs and poor prognosis, the puppies were eventually euthanized.
The third dog was a 6-month-old male from the same progenitors, which was presented with the wide base posture, hind limb weakness progressing to paraparesis and difficulty in swallowing and breathing associated to megaesophagus. This led to the compression of the trachea and difficulty in breathing. Motor signs worsened progressively over the next month leading to ataxia, spastic tetraparesis (more severe in hind limbs) with slowed proprioceptive placing reactions in all neurologically examined limbs. The breeder declined further examinations and requested euthanasia because of poor prognosis.
Animal handling, tissue processing, and histopathology techniques
All dogs were euthanized under pentothal deep anaesthesia, following xylazine sedation, and were transcardially perfused with normal saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Two age-matched dogs sacrificed during unrelated non-neurological diseases, were processed in parallel. Tissue samples were taken from the brain (brain stem and cerebellum), spinal cord (cervical, thoracic and lumbar segments), nerve dorsal roots (DR), dorsal root ganglia (DRG), and peripheral nerves both from fore-and hindlimbs. Median, ulnar and radial, sciatic, common peroneal, tibial, sural and musculocutaneous nerves were collected. Also, the vagus nerve, external and internal branches of the superior laryngeal nerve (SLN) and the recurrent laryngeal nerve (RLN) were taken and embedded in paraffin and routinely processed for 6 μm-thick sections. Dewaxed sections were stained with the following histological techniques: hematoxylin and eosin (H&E), Luxol-fast blue-Klüver Barrera and Bielschowsky (BLS) or processed for immunohistochemistry (IHC) with appropriate primary antibodies. Masson's trichrome stain was performed in DRG and peripheral nerves to reveal possible fibrosis. In addition, small blocks of sciatic, sural, median, superior laryngeal nerve and RLN nerves were fixed in 2.5% glutaraldehyde, dehydrated through alcohol solutions, stained with 4% osmium tetroxide and embedded in Araldite. Semithin sections obtained were stained with toluidine blue and observed under the light microscope.
Histologically stained sections were examined by two independent researchers and evaluated for neuronal and axonal degeneration and loss, as revealed by BLS. Demyelination and other myelin abnormalities were evaluated in Luxol fast blue-Klüver Barrera paraffin sections or toluidine blue stained semithin sections. The spatial distribution of neuronal vacuolation was also investigated.
Immunohistochemistry
A set of IHC and immunofluorescence (IF) techniques were performed on paraffin sections to reveal astrocytic/microglia activation and neurotransmitter alterations in the cerebellum. Glutamate is the prevalent excitatory neurotransmitter for both the mossy fibre and climbing fibre system. Mossy fibres form synapses on granule cells in the GCL of the cortex and on neurons in the DCN. Climbing fibres coming from inferior olive nuclei form excitatory synapses directly on PCs and are strongly enriched in glutamate. In DCN, there are large glutamatergic neurons that project to premotor areas and directly regulate the motor control. On the other hand, GABA is the primary inhibitory neurotransmitter known to counterbalance the action of glutamate. PCs, the sole output neurons of the cerebellar cortex are GABAergic and project to the DCN and vestibular nuclei neurons. The DCN and vestibular nuclei are involved in motor control in animals through their communication with the nuclei of the thalamus and brainstem. GABA is also the predominant transmitter of cerebellar interneurons (basket cells, stellate cells, Golgi cells, Lugaro cells), except for unipolar brush cells, which are glutamatergic interneurons. In DCN, apart from the large glutamatergic neurons, there are small GABAergic projection neurons that send outputs to inferior olive nuclei and GABAergic local interneurons. The activities of GABA are mediated by vesicular or non-vesicular release after GABA is synthesized by glutamate decarboxylase (GAD), an enzyme that catalyses the decarboxylation of glutamate to GABA. The availability of antibodies against the neurotransmitters glutamate and GABA, and their receptors, such the N-methyl-D-aspartate receptor1 (NMDAR1), which mediates neuronal functions in glutamate neurotransmission, has made it possible to examine the neurohumoral synaptic transmission in the cerebellum and brain stem that are of interest in NVSD. Details of the antibodies used and their dilutions are given in Table I. IHC was carried out using the avidin-biotin-peroxidase complex (ABC) method. In brief, antigen retrieval was performed by incubating deparaffinized -rehydrated sections in citrate buffer 0.01 M (pH 6) under microwave treatment at 750 Watt for 3 minutes and thereafter at 350 Watt for 7 minutes. These sections were cooled down at RT for 20 minutes and thereafter were treated with 2% hydrogen peroxide in 5% methanol for 20 minutes followed by 5% normal goat serum for 2 h, and subsequently one of the primary antibodies were applied overnight at 4 o C. Labelling was visualized with DAB (Vector) after pre-treatment with the ABC kit (Vector, Vectastain) and sections were counterstained with haematoxylin. For IF the following secondary antibody: anti-mouse Alexa Fluor 488 and anti-rabbit Alexa fluor 488 (all in dilution 1 : 400, Molecular Probes) were used. Two observers, blinded to the identity of tissue sections, reviewed the IHC and IF preparations independently.
Quantitative analysis of neurotransmitter alterations and their receptors
Seven to ten representative sections IHC stained for each antigenic marker were used for quantifications and photomicrographs were captured using a Nikon upright fluorescence microscope D-Eclipse 80i C1. Photomicrographs were subjected to digital optical densitometry with ImageJ, version 1.51f (National Institutes of Health, Bethesda, Maryland, USA), and were analysed by the following methods.
One method, which was used to quantify the intracellular GABA, NMDAR1 and calbindin integrated optical density (IOD) in neurons, integrates the grey value of the inverted image. For GAD, IF labelling was used and for the measurement of IOD there was no need to invert the images. The second method, which measures the area over which the immunoreactivity exceeds a given threshold, was applied to the glutamate and GABA staining for the quantification of glutamatergic and GABAergic fibres, respectively.
Statistical analyses
Statistical analyses were performed with non-parametric tests. Differences between two groups (NVSD vs. controls) per anatomical area were assessed with Wilcoxon Mann-Whitney U tests. SPSS v20.0 statistical software system (IBM Corporation, Armonk, New York, USA) was used for calculations. The reported p values were the result of two-tailed tests; p values smaller or equal to 0.05 were considered statistically significant.
Results

Lesions in peripheral nerves and the spinal cord
Major histopathological lesions observed are summarized in Table II and have already been described by others. In relation to peripheral nerves, there was axonopathy with dystrophic axons, which was more severe in sensory nerves. In semithin sections, there was lack of large myelin sheaths and endoneurial fibrosis. RLN and SLN showed a prevalence of small-diameter fibres with axonal degeneration. Shrinkage of DRs with lack of large axons and mild fibrosis constitute the major abnormality of the DRG on NVSD. Vacuolation of In the white matter of SC, lesions were mainly located in gracile and cuneate fascicles, in dorsal spinocerebellar and lateral corticospinal fasciculi. In these areas, myelin sheaths were found either empty or occasionally containing swollen axons forming spheroids or ovoids. In cervical SC, the axonal degeneration and myelin loss were most prominent in the lateral spinocerebellar tract. In spinal grey matter, the most profound finding was the shrinkage of the dorsal horn and its neuronal loss, most evident in Clarke's column. Vacuolated neurons were found mainly in the medial part of laminae VI and VII presumably representing interneurons and observed sparsely only in the ventral horn of SC.
Neuropathology of the brain stem
In the brain stem, there was a moderate vacuolation of neurons bilaterally in many nuclei of the dorsal medulla oblongata (Table II and Fig. 1 ). Neuronal vacuolation was characterized by intracytoplasmic single or multiple vacuoles of variable size, ranging from 3 to 40 µm, arranged either individually or in clusters. Vacuoles were round and empty and in paraffin-embedded sections, were not stained with histochemical methods ( Figs. 2A and B) . Neuronal vacuolation was accompanied by microglia activation and mild astrocytosis. In the inferior olivary nucleus, the presence of vacuolated neurons resulted in the spongiform appearance of the structure. Atrophy of large neurons in the olivary nucleus and diffuse axonal loss were also evident. IHC showed that the median IOD of GAD in the remaining neurons of the olivary nucleus of NVSD animals was elevated approximately twofold compared with controls and this difference was statistically significant. Medians of GAD IODs in NVSD and controls were 52,023 and 18,556, respectively; the distributions in the two groups differed significantly (Mann-Whitney U = 11.5, z = -5.307, p < 0.001 two-tailed, Fig. 4C ). 
Neuropathology of the cerebellum
Loss of the large (glutamatergic) neurons and neuronal vacuolation of the remaining cells constitute the most striking histopathological lesions seen in the DCN of NVSD animals. DCN neurons showed single or multiple sharply demarcated cytoplasmic vacuoles which sometimes resulted in peripheral margination of the nucleus (Fig. 2D) . In NVSD animals, IOD of GAD in the remaining neurons either vacuolated or not, significantly declined (medians of GAD IOD in NVSD and controls were 16,189 and 128,583; the distributions in the two groups differed significantly (Mann-Whitney U = 0.00, z = -5.477, p < 0.001, two-tailed, Figs. 3A, B and 4C) .
Similarly, the median IOD of GABA in NVSD animals was reduced by 45% compared to controls. Medians of GABA IOD in NVSD and controls were 19.17 x 10 6 and 34.75 x 10 6 , respectively; the distributions in the two groups differed significantly (Mann-Whitney U = 24.00, z = -2.225, p = 0.024, two-tailed, Figs. 3C, D and 4F). In contrast, the median IOD of NMDAR1 in DCN neurons of NVSD animals was elevated by 47% compared with control animals and this difference reached statistical significance (medians were 49.08 x 10 6 and 33.41 x 10 6 , respectively; Mann-Whitney U = 27.00, z = -2.2, p = 0.028, two-tailed, Figs. 3F, G and H). DCN neurons were positive for calbindin, although variations on staining inten- C2 sity were noted. The cytoplasm of DCN neurons showed a severe decrease in IOD of calbindin compared to controls (medians were 8.74 × 10 6 and 45.65 × 10 6 , respectively; Mann-Whitney U = 0.00, z = -3.182, p = 0.001, two-tailed, Fig. 4I ), suggesting an altered Ca + dependent metabolism.
In parallel with the vacuolation, the applied histological techniques revealed a spongiform change, myelin pallor and axonal loss within the neuropil. Astrocytosis and focal microgliosis were confirmed by GFAP and Iba1 IHC, respectively. In DCN there was a 24.4% loss of GABAergic fibres in NVSD compared nied by mild Bergmann gliosis and "empty baskets" in the cerebellar cortex (Fig. 2 C1) . The GCL exhibited shrinkage and BLS staining revealed occasional axonal torpedoes in this layer belonging to the axons of the PCs (Fig. 2 C2) . The median IOD of GAD in PCs of NVSD animals significantly declined compared to controls. Medians of GAD IODs were 36,324 and 104,648 respectively; the distributions in the two groups differed significantly (Mann-Whitney U = 2.00, z = -2.817, p = 0.005, two-tailed, Figs. 4A-C) .
In PCs IOD of GABA severely reduced in NVSD compared to control animals. Medians of GABA IODs were 26.70 × 10 6 , and 61.64 × 10 6 , respectively; the distributions in the two groups differed significantly (Mann-Whitney U = 7.00, z = -3.207, p = 0.001, twotailed, Figs. 4D-F) . Similarly, IHC for calbindin, revealed a significant reduction in IOD of PCs in NVSD compared to controls (medians were 28.23 × 10 6 and 62.60 × 10 6 , respectively; Mann-Whitney U = 0.00, z = -3.919, p < 0.001, two-tailed) and altered fragmented dendritic trees in the molecular cell layer (Figs. 4G-I). IOD of NMDAR1 by PCs did not differ significantly between NVSD and control animals (medians were 30.97 × 10 6 and 31.49 × 10 6 , respectively; Mann-Whitney U = 73.20, z = -0.189, p = 0.85, twotailed, Fig. 3H ).
Discussion
Recently the RAB3GAP1:c.743delC variant has been identified in the homozygous state in all NVSDaffected Rottweilers. None of the normal Rottweilers or the Rottweilers with signs beginning at > 1 year of age were homozygous for the variant. The RAB-3GAP1:c.743delC produces a frame shift that predicts a premature stop codon and a truncated gene product RAB3GAP1:p.P248Lfs4, missing 730 C-terminal amino acids, including the catalytic domain, therefore it is doubtful that the truncated gene product retains biological activity [32] .
RAB3GAP1 codes for the catalytic subunit that combines with a non-catalytic subunit encoded by RAB3GAP2 to form Rab3GAP. Rab3GAP was first recognized as a GTPase activator protein (GAP) that greatly enhances the inherent GTPase activity of Rab3 [14, 23, 37] . Rab proteins function as molecular switches that regulate the formation, transport, tethering and fusion of a variety of membrane structures by cycling between inactive GDP-bound and active GTP-bound states [8, 23] . These proteins play a vital role in membranous transport within the cell, allowing movement of cell organelles, and endocytosis and exocytosis [11, 17, 46] reviewed in [40, 53] . The mechanism by which they achieve this has been well characterized for certain members of the family, and depends on their GTP state, and their ability to prenylate and thus cycle on and off membranes [1] . However, the precise point of action of Rab3 GAP in synaptic vesicle transport has not been clear so far.
It has been found that in Rab3 GAP p130-deficient mice, the GTP-bound form of Rab3A accumulates in the brain and the Ca 2+ -dependent glutamate release from cerebrocortical synaptosomes is inhibited [42] . This observation suggests that Rab3 GAP inactivates Rab3A in nerve terminals and thereby regulates neurotransmitter release and synaptic plasticity [23, 34, 47] . Consistent with this prediction, mutations in p130 have recently been reported to cause WARBM and the altered neurotransmission could be involved in the pathogenesis of this syndrome [2, 3] . Gerondopoulos et al. [16] reported that Rab3GAP not only functions as a GAP for the Rab3s but also functions as a guanine exchange factor (GEF) for Rab18. Supporting the view that Rab18 activity is important for ER structure, in the absence of either Rab3GAP subunit or Rab18 function, ER tubular networks were disrupted, and ER sheets spread out into the cell periphery [16] . It has been suggested that the intra-neuronal vacuoles may be microscopic and ultrastructural manifestations of a malfunctioned ER that has been aberrantly distributed due to the absence of Rab3GAP activity [32] .
A predominant clinical feature of the NVSD phenotype is the juvenile onset laryngeal paralysis and polyneuropathy due to axonopathy. Dystrophic changes in nerves of NVSD-affected dogs have been extensively studied and confirmed by others [7, 9] and are characterized by accumulations of normal or abnormal appearing organelles and clusters of vesicular structures resembling proliferating ER, arising from an altered axoplasmic flow [29] . Dystrophic changes were reported in axons of the sciatic nerve in Rab18 knockout mice with disorganization of neurofilaments and collections of microtubules predominantly at the neuromuscular junctions [10] . WARBM can be caused directly by loss of RAB18, or indirectly through loss of RAB18 regulators, RAB3GAP or TBC1D20 [6, 19] . In Rab18 knockout mice, neurons with longer axons are more severely affected than those with shorter axons. Interestingly, also in NVSD the thick myelinated axons are more severely affected. Finding such changes remote from the cell body suggests that axonal transport of membranes and/ or vesicles is disrupted by the RAB3GAP1 mutation. Moreover, it is tempting to speculate that an anterograde trans-synaptic degeneration is involved in the pathogenesis of neuronal vacuolation.
The link between axonopathy and neuronal vacuolar degeneration at distinctive anatomical pathways has been reported in several animal models at both spontaneous and experimental lesions [21, 36, 50] . Neurons within some nuclei in the CNS can atrophy and degenerate via vacuolation in response to deafferentation. Examples are neurons in the inferior and accessory olivary nuclei, which undergo an unusual form of trans-synaptic degeneration after a destructive lesion of the ipsilateral central tegmental tract. The olivary ribbon becomes thickened and neurons show marked enlargement, cytoplasmic vacuolation, and some dispersion of Nissl bodies [48] . In NVSD, large vacuoles were visible mainly within neurons of the DCN, vestibular nuclei and inferior olive. In other areas in the CNS, neuronal vacuolation was either absent or limited, indicating a selective susceptibility of specific neuronal types to vacuolation. Overall, vacuolation occurred in interconnected extrapyramidal and oculomotor structures and this spatial pattern of distribution suggests the spread of this disorder across synaptic connections [44] . However, we cannot exclude the possibility that any abnormalities in other neurons are not gross, but might be subtler at the subcellular level.
Many studies have addressed the selective vulnerability of DCN neurons to NVSD [13, 15, 27, 41, 43] , however none of them examined either the subtypes of neurons mainly affected or the relative importance of neurohumoral synaptic dysfunction in this structure. The normal DCN contains mainly three populations of neurons: small GABAergic neurons, which send projections to the inferior olive, small GABAergic local interneurons and larger glutamatergic neurons, which project to premotor areas and regulate the motor control [22] . These cells are GAD positive with a mild expression of GABA and NMDAR1. In NVSD cerebellar nuclei, large neurons are severely in decline in parallel with a reduction in GABA and GAD immunoreactivity of the remaining cells.
Moreover, in normal DCN, nuclear neurons receive mostly inhibitory GABAergic inputs from PCs and excitatory glutamatergic inputs from mossy fibres. The latter originate from the second order neuron of Clarke's nuclei and from axon collaterals of inferior olive neurons. In NVSD animals, the glutamatergic inputs in DCN severely declined in parallel with the overexpression of NMDAR1 by the neuronal somata. This upregulation probably serves as a compensatory mechanism in the reduction of excitatory glutamatergic inputs from mossy fibres. However, GABAergic synapses formed by the axons of PCs outnumber the glutamatergic and GABAergic synapses formed by local interneurons [51] . The reduction of GABAergic fibres in DCN in NVSD animals is substantial suggesting that GABAergic inhibition from PCs is heavily missing.
Intraneuronal vacuoles with a similar distribution pattern as in NVSD have been recently reported in a spontaneous neurodegenerative disease in Lagotto Romagnolo dogs associated with abnormal autophagosome maturation and a mutation in the autophagy-related gene ATG4D [28] . There are a variety of studies, either in transgenic mice or canine hereditary ataxias providing compelling evidence that a primary defect in autophagy can induce neurodegenerative disease. Autophagy is the process by which more long-lived proteins and organelles are incorporated into autophagosomes for delivery to vacuoles or lysosomes for degradation. Constitutive autophagy plays an important role as a basal source of energy in cells with high metabolic needs, such as the PCs, in the global turnover of cellular organelles and in the clearance of potentially toxic protein aggregates [24] [25] [26] . Is it well acknowledged that the heterodimeric RAB3GAP complex regulates the RAB GTPase RAB3 and the release of neurotransmitters at the neuronal synapse; however, recently it has been found that RAB3GAP1/2 also affects intracellular protein aggregation and modulate autophagosomal maturation in basal and rapamycin-induced conditions [45] . Deficiencies of glutamatergic and GABAergic terminals in the DCN of NVSD animals may induce a compromised function of proteins involved in the organelles' integrity. Moreover, vacuolation in DCN neurons may provide evidence for an altered autophagy as a stress response to anterograde transneuronal deafferentation and neurotransmitters deprivation [35] .
Atrophy and loss of PCs constitute a major histopathological hallmark in the cerebellum of NVSD animals. The remaining PCs showed reduced IOD for GAD, GABA and calbindin. In addition, histopathology revealed axonal torpedoes, which are ellipsoid swellings of PC axons in the GCL and are considered to be non-specific changes in various disorders, such as spinocerebellar degeneration [31] . Torpedo formation has been linked to the loss of DCN neurons as a consequence of a retrograde change based on the synaptic detachment of PC axon terminals. It is unlikely that primary changes in PC bodies are involved in the torpedo formation seen in these conditions. On the contrary, the fact that there is a severe damage of DCN but a number of PCs is preserved raises the possibility that the neuronal loss leads secondarily to torpedo formation. Moreover, it has been shown that torpedoes do not develop until the density of neurons in DCN is reduced to about half of that in controls, because the terminal arborisation of the axon of each PC occurs in the DCN to make synaptic contact with multiple neurons [31] .
In conclusion, vacuolation in diseases such as NVSD could be a histopathological manifestation of intense intracellular degradation of specific neuronal types, due to neurotransmitters deprivation in the terminals of afferent fibres. The RAB3GAP1:c.743delC dogs could serve as a model for investigating the role of Rab3GAP in membrane trafficking and the pathogenesis of diseases such as WARBM.
